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ABSTRACT 
 
Examination of the Material Removal Rate in Lapping Polycrystalline Diamond 
Compacts. (August 2011) 
Jason Michael Sowers, B.S., Texas A&M University 
Chair of Advisory Committee: Dr. Hong Liang 
 
This study examines the lapping machining process used during the 
manufacturing of polycrystalline diamond compacts (PDCs). More specifically, it is 
aimed at improving the productivity of the process by developing a better understanding 
of the parameters that affect the material removal rate (MRR) and MRR uniformity of 
lapped PDC samples. 
Experiments that focused on several controllable lapping parameters were 
performed to determine to what extent they affected the process. It was determined that 
the MRR can be modeled with the Preston equation under certain ranges of pressure and 
speed. It was also found that using a hard and rigid sample holder produces higher 
MRRs than soft and flexible sample holders. The results have also shown that MRRs in 
excess of 300 µm per hour can be achieved while using 10 grams of diamond abrasive 
per PDC per hour of lapping. The productivity of the lapping process can also be 
improved by placing the maximum allowed PDC samples in a concentric circle on the 
edge of the sample holder. The MRR uniformity between samples lapped on the same 
sample holder was found to be dependent on the sample holder material. 
  iv 
 
 
This thesis is composed of six chapters. The first chapter introduces the need for 
PDC’s as extreme cutting tools, the manufacturing process of PDC’s, and the lapping 
process. The second chapter discusses the motivation behind this research and the 
primary objectives that were established. The third chapter details the materials and the 
experimental procedure, and the fourth chapter presents the results. The fifth chapter 
discusses the results, and the sixth chapter presents conclusions and information on 
possible future work. 
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CHAPTER I 
INTRODUCTION 
This chapter introduces the use of polycrystalline diamond compact drill bit 
inserts within the oil and gas industry. The lapping process, costs associated with lapping 
PDC’s, and challenges associated with lapping PDC’s are also discussed.  
1.1. Polycrystalline Diamond Compacts 
Polycrystalline diamond compacts (PDCs) were developed in 1964 and have 
since become known as exceptional cutting tools due to their extreme hardness, wear 
resistance, and isotropic behavior[1]. Today PDCs are most well-known for their use as 
drill bit inserts within the oil and gas industry, but they are also used as cutting tools for 
materials such as ceramics, polymers, wood, and non-ferrous metals[2-6].  
PDCs are made in a high temperature and pressure sintering process and are 
composed of a tungsten carbide (WC) substrate, metal binder (usually cobalt), and 
polycrystalline diamond layer as shown in Figure 1[7]. Most PDCs manufactured are 
cylindrical in shape with diameters between 13 to 16mm and thickness of up to 14mm. 
The diamond thickness is typically between .5 and 2.5mm[7-9]. Starting from the late 
1960’s, PDCs have been used as drill bit inserts for operations around the world with 
much success, and there have been many reports on their wear resistance compared to 
other cutting tools used in the field[10-12]. Today PDC drill bits are responsible for 50% 
of the hole length drilled by the oil and gas industry in the world today[5]. 
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The majority of research conducted on PDCs relates to the residual stresses 
during manufacturing. Due to the high temperatures seen during manufacturing and 
unequal thermal expansion coefficients of diamond and cobalt (1.18×10-6/°C for 
diamond, 12.2×10-6/°C for cobalt[13]), a significant amount of residual stress can 
develop when cooling[2, 9, 13].  In the early 1990’s, Lin et al developed a model that 
showed compressive stresses above 1GPa may develop on the diamond layer, and tensile 
stresses up to 500MPa may develop in the tungsten carbide layer[9]. Since then, there 
have been several studies using micro-Raman spectroscopy or neutron diffraction to 
measure the residual stresses. The results from these tests are comparable to what was 
predicted by the developed model[2, 3, 13, 14]. Jia et al have shown that by reducing the 
mono-crystalline diamond size used in manufacturing the PDCs or the sintering 
temperature, the residual stresses can be decreased[3]. Recently, research was also 
conducted on using non-destructive test procedures to determine whether a produced 
PDC exhibits manufacturing flaws from the sintering process that would result in 
premature failure[8]. 
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Figure 1. Polycrystalline Diamond Compact (PDC)[7] 
 
1.1.1. Wear and Failure Mechanisms 
The wear of PDCs can be classified into two categories depending on operating 
temperatures. At temperature of around 1000°C, which are can be seen during 
machining or drilling, chemical dissolution of the diamond is seen. That is, on an atomic 
level the PDC surface attaches to the material being cut and is carried away. This form 
of wear is not possible at lower temperatures, and the primary mode for wear is due to 
the formation and growth of micro-cracks[4]. Research has shown that improving the 
surface finish results in increases in wear resistance and strength[5]. 
1.1.2. Manufacturing PDCs for Drill Bit Inserts 
1.1.2.1. Sintering Process 
PDCs are manufactured through a sintering process using synthetic mono-
crystalline diamond powders, a tungsten carbide substrate, and a metal binder. The metal 
binder used is usually Cobalt, however the use of other binder materials or no binder 
Tungsten Carbide Substrate 
Polycrystalline Diamond 
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material have also been studied[3]. Temperatures of 1400 to 2000 degrees Celsius and 
pressures of 5 to 7 GPa are seen during the process[2, 15].  
1.1.2.2. Drill Bit Preparation 
After sintering, PDCs must be machined to meet certain manufacturing 
requirements including thickness, flatness, and surface finish specifications. These 
requirements may vary depending on the manufacturing company and the type of drill 
bit being manufactured, but typically flatness and surface roughness (Ra) values less 
than 10 μm and 1 μm, respectively, must be obtained. The machining process used to 
meet these requirements is lapping, which is a similar machining process to polishing. 
The lapping process will be discussed in more detail in the following section.  
The lapping process for PDCs can be grouped into two stages: roughing and 
finishing. During the initial roughing stage of lapping, the majority of the stock material 
that is required to be removed to meet thickness requirements is taken off. This process 
makes use of large abrasives (roughly 100 μm) to achieve high surface finishes. The 
finishing stage is then used to remove the remaining necessary stock material along with 
achieving the necessary surface finish and flatness requirements. Only recently has any 
research been conducted on the lapping process related to PDCs [7] as most companies 
classify this process as a trade secret. Through personal encounters, it has been 
established that lapping PDCs is an extremely costly process.  
After the PDCs pass inspection, they are mounted to drill bits for operation by 
either being brazed or pressed into location[5].  
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1.1.2.3. Cost 
A major cost associated with the manufacturing of PDCs is the surface finishing 
process because of the time it takes to complete and cost of diamond abrasives. Roughly 
250 μm of stock material is removed during the lapping procedure, and the typical MRR 
seen industry is less than 100 μm per hour. During the time samples are being lapped, 
the process must be stopped about once an hour to sort PDCs into groups with similar 
thicknesses because of MRRs variances seen within lapped samples.  
1.2. Lapping Process 
Lapping is a machining process that has been used since the Stone Age when 
tools were worked using sand and a workpiece to achieve desired results[16]. Similarly 
to polishing, the lapping process has greatly improved over time and is currently used 
throughout industry to achieve fine surface finishes, flatnesses, and minimal subsurface 
damage where other machining processes fall short. In lapping, abrasives are supplied 
via an abrasive vehicle between the workpiece and tool, or lap plate. The mixture of 
abrasive and abrasive vehicle is referred to as slurry. The slurry can be applied 
continuously, a single time, or at time dependent rates. A load is applied to the 
workpiece, and the workpiece is moved over the lap plate.  
Material removal during lapping is caused through both two and three-body 
abrasion [16-18]. In two-body abrasion, wear is caused by fixed abrasives or direct 
surface contact as shown in Figure 2a. This occurs in lapping when the abrasives embed 
into the lap plate which can be referred to as micro-cutting[16]. In three-body abrasion, 
abrasive particles are free to move between two surfaces (Figure 2b). The abrasives 
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move by either sliding or rolling between the workpiece and lap plate[16-18]. Many 
different machining setups are possible for lapping workpieces with different 
geometries[16]. A basic schematic for lapping a single side of a flat workpiece is shown 
in Figure 3. During the process the abrasives move into active positions between the 
workpiece and tool. There has been an extensive amount of research performed on two 
and three-body abrasion in areas including grinding, polishing, and chemical mechanical 
polishing (CMP)[19-32]. The results from these studies, along with research on lapping, 
can be used to help understand the lapping process.  
 
 
(a)  (b) 
Figure 2. Schematic of (a) Two-body abrasion (b) Three-body abrasion 
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Figure 3. Schematic of single-sided flat lapping 
1.2.1. Parameters Affecting the Lapping Process 
1.2.1.1. Velocity and Pressure 
In the 1920’s, a model that related relative velocity and pressure to material 
removal rate (MRR) was established by Preston who was studying the effects of 
grinding glass[33]. This relationship, known as Preston’s equation, is:  
 ܯܴܴ ൌ ܸܿܲ (1)
 where ܿ is a constant relating to the process parameters, ܲ is the applied pressure, and ܸ 
is the relative velocity of the workpeice on the tool. The constant parameter,ܿ, changes 
based on any modifications to the material removal process such as abrasive type, 
abrasive vehicle, abrasive and vehicle feed rate, and other miscellaneous process 
parameters. Also important to note is that the MRR can be reported in different terms. 
Active Abrasive  
Ineffective Active Abrasive  
Inactive Abrasive  
F 
Workpiece 
Tool 
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Most commonly MRR is reported in units of either density or thickness of material 
removed per unit of time. A ܿ term that results in the desired unit system can then be 
established. The linear relationship in Preston’s equation has stood true through 
numerous experiments conducted on forms of abrasive material removal at certain 
pressures and velocities[21, 26, 34-36]. However, when the model is applied to 
relatively high or low pressures and velocities, the relationship no longer holds true[19, 
26, 27, 29, 37-39]. Pritchard has reported that the MRR is proportional to the applied 
load over a certain critical load[40]. It is generally accepted that the linear relationship 
shown in Preston’s equation is no longer valid within certain ranges of lapping 
parameters[41]. In order to account for the differences seen between predicted and 
empirical results, there have been many proposed modifications to the Preston equation. 
Tellez-Arriaga et al have proposed a modification to Preston’s equations which 
accounted for the frictional coefficient as a function of velocity at low speeds[37]. 
Several studies have used power functions in the form of 
 ܯܴܴ ൌ ܿܲ௡ܸ௠ (2)
where ݊ and ݉ and variables that can be assigned based on the process[19, 27, 29]. 
There are also equations that have been developed specific to CMP processes that 
account for the chemical factor responsible for material removal[26]. In the end, all of 
the proposed equations are deviations from Preston’s equation that result in better fits to 
empirical data collected from specific processes.  
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1.2.1.2. Abrasives 
It has been established that abrasives play an important role on material removal 
based on size, shape, and hardness[17, 18, 31, 36, 42-44]. It has been shown that MRR 
increases with increasing abrasive size up to a critical size at which the MRR begins to 
stabilize and even decrease[18, 31, 41, 44]. There is a linear relationship between 
abrasive size and MRR up to the critical size, and MRR has also been reported to 
increase with increasing abrasive hardness[36, 43]. 
Multiple studies have also shown that surface roughness improves with 
decreasing grain size[35, 45-47]. Deshpande et al showed that flatness also improved 
during lapping with the use of smaller grain abrasives[47]. Lin et al showed that the 
MRR uniformity increases with decreased abrasive size[46]. The MRR has been shown 
to increase linearly with an increase in abrasive feed rates[18, 43]. Also, without a 
continuous supply of fresh abrasives to the lap plate, the MRR will decrease over 
time[48]. 
1.2.1.3. Abrasive Vehicle 
The abrasive vehicle is the medium which transports the abrasive across the work 
piece. It is known that for abrasive material removal, the rheological properties of the 
abrasive vehicle are important to how effective the abrasives are in material 
removal[49]. It has been shown that increases to the abrasive vehicle viscosity result in 
greater MRRs to a critical point at which the MRR will decrease[41]. The decrease is 
believed to be due to the formation of a large fluid film between the workpiece and tool 
which limits the abrasives engagement[41]. Le et al have shown that spent slurry needs 
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to be removed from the lapping plate to allow other abrasives to be able to engage and 
work[39]. 
1.2.1.4. Kinematics 
There has been a great amount of research conducted on the kinematics of 
lapping [21, 50-52]. Yuan et al have proposed using a relationship between the speed of 
the lap plate and workpeice to determine if the lap plate is worn uniformly[50]. 
Recently, a kinematic model has also been developed that relates specifically to the 
lapping process being studied in this research [53]. The average velocity of the PDC 
samples can be found from the equation 
 ݒ௠௘௔௡ሺߣ, ߢሻ ൌ ߱௣௟௔௧௘ܽுඥ1 ൅ ߢଶሺߣ െ 1ሻଶ (3)
where, 
 ߢ ൌ ఘಹ௔ಹ, (4)
 ߣ ൌ ఠ೎೚೙೏೔೟೔೚೙೔೙೒ ೝ೔೙೒ఠ೛೗ೌ೟೐ , (5)
߱௣௟௔௧௘ is the lap plates rotational speed, ܽு is the distance from the center of the lap 
plate to the center of the sample holder, ߩு is the distance from the center of the sample 
holder to the center of the PDC, and ߱௖௢௡ௗ௜௧௜௢௡௜௡௚ ௥௜௡௚ is the rotational speed of the 
sample holder in the conditioning ring. Figure 4 and Figure 5 show schematics of the lap 
plate and sample holder based on the kinematic model.   
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Figure 4. Schematic of the lap plate and conditioning ring locations 
 
Figure 5. Schematic of where ܽܪ and  ߩܪ are located 
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1.2.1.5. Prior Research 
A couple studies have used acoustic emission (AE) to monitor material removal 
during abrasive wear[48, 54]. Using fixed abrasives, Sanchez et al have shown that the 
AE changes with changes in the workpiece surface roughness and MRR. Filho et al used 
non-replenishing slurry lap tests to characterize how pressure, velocity, and grain size 
relate to the AE. These techniques could be beneficial in monitoring PDC lapping during 
production to ensure the process does not encounter problems. Other research has shown 
that surface roughness decreases with increased speeds[31]. 
Previous research related to the same research being conducted in this study has 
looked into how accurate PDC lapping tests conducted over a 30 minute interval can 
represent lapping for 60 minutes. Both previously lapped and virgin samples were tested. 
The results from these tests are listed in Table 1, and they show that 30 minute tests are 
sufficient at modeling the process. Also, tests were conducted with three sample holders 
running at once on the lap plate to determine if using a single sample holder accurately 
represents the MRR that can be achieved while running three sample holders. The results 
from the tests are shown in Table 2 and show that running one sample holder is 
sufficient. These results are important from a research standpoint because material can 
be conserved.  
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Table 1. MRR results based on lapping tests conducted at different time 
intervals 
PDC Sample Type 
MRR (µm/hr) calculated based on lapping time 
5 min 10 min 15 min 30 min 60 min 
Previously Lapped PDCs 230 214 203 230 251 
Virgin PDCs - - - 274 288 
 
 
Table 2. MRR results from tests with one and three sample holders 
Experimental Setup 
MRR (µm/hr) 
Previously Lapped PDCs Virgin PDCs 
One Sample Holder 
232, 227, 232 (Avg. = 
230) 
274 
Three Sample 
Holders 
273, 256, 187 (Avg. = 
239) 
309, 328, 299 (Avg. = 
312) 
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CHAPTER II 
MOTIVATION AND OBJECTIVES 
The increased use of PDC’s throughout industries has presented a need to 
develop a better understanding of the PDC manufacturing process. This research focuses 
on the lapping roughing stage within the manufacturing process and has three main 
objectives: 
1. Establish a better comprehension of the lapping parameters that affect the 
MRR and increase the MRR. 
2. Propose a general set of guidelines that can be used at any PDC 
manufacturing scale to reduce manufacturing costs. 
3. Determine the major factors affecting the uniformity of the MRR within a 
set of lapped PDC’s. 
Since the lapping process is generally considered within most industries as a 
trade secret, there is little research that has been conducted that focuses on specific 
lapping manufacturing processes. Furthermore, there is even less understanding on the 
lapping process of PDC’s due to the challenges associated with machining diamond. One 
of the major costs associated with lapping PDC’s is time. Determining the factors that 
affect the MRR and uniformity during the roughing stage of PDC manufacturing is 
crucial to reducing costs through productivity and material use. With these better 
understandings, a set of guidelines can be established specifically for the process of 
lapping PDC’s. 
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To complete the objectives a series of experimental tests will be performed to see 
how common parameters relate to the MRR of PDC’s. Two main focuses will be on 
establishing the relationship between the lapping pressure and velocity to the MRR, 
which are two well know parameters that affect the MRR during lapping. Several more 
not as obvious parameters will also be tested including the: abrasive vehicle, size and 
concentration of abrasives, abrasive application rate, PDC holder design and layout, and 
the lap plate type.   
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CHAPTER III 
EXPERIMENTAL 
This chapter focuses on the experimental procedures that were taken to complete 
the research objectives. First, the type and description of the materials will be given. 
Next, the sample and test preparations will be discussed, and lastly, the experimental 
procedure and data collection will be outlined. 
3.1. Materials 
The PDCs used for this research were obtained through a company that 
manufactures PDCs and PDC drill bits. The PDCs were manufactured through a high 
temperature and pressure sintering process using synthetic diamond powder, a cobalt 
binder material, and tungsten carbide substrate as described in the Introduction section. 
The samples were round shaped with a diameter of 13 mm. Both virgin (never lapped) 
and lapped PDC samples were obtained. Table 3 lists several generic PDC properties 
that have been obtained through speaking with manufacturing companies. It is important 
to note however that PDC properties can vary from different manufacturers due to 
process parameters. 
The abrasives used were bulky shaped synthetic mono-crystalline diamond 
abrasives purchased through DIN Diamond suppliers. The abrasives were 140/170 mesh 
(≈ 100 μm).   
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Table 3. Polycrystalline diamond compact properties 
Shape 
cylindrical (can also be cuboidal 
or cut to other shapes) 
Diameter (mm) 
13, 16 (other sizes can also be 
manufactured) 
Diamond Thickness (mm) 2 (other thicknesses possible) 
Tungsten Carbide Thickness (mm) 4 to 16 
Sintering Temperature (°C) 1200 to 1300 
Sintering Pressure (GPa) 8.6 
Cobalt Composition (%) 3 to 6 
 
 
3.2. Sample and Test Preparation 
3.2.1. PDC Preparation 
If necessary due to rough surfaces, the tungsten carbide side of the samples were 
lapped using silicon carbide abrasives. The PDC samples thicknesses were then 
measured using a Mitutoyo digital micrometer and sorted into groups of similar 
thicknesses within about 75 μm (3 mils). Samples being lapped together within a group 
on a sample holder were then labeled numerically (see Figure 6a) using an 
ARKOGRAPH A 50/6 electric arc metal engraver. Before each test, the samples in a 
group had their thicknesses measured and recorded at five locations on the PDC using 
the micrometer (see Figure 6b). 
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 (a)  (b) 
Figure 6. (a) Labeled PDCs (b) Thickness measurement locations 
 
3.2.2. Suspension Vehicle Preparation 
The first step in preparing the lapping suspension vehicle is making a 1% 
concentrated gel solution of the carbomer polymer. This was accomplished by adding 30 
g carbomer with 3 L DI water. The solution was shaken for several minutes and then 
allowed to sit for a day. The gel was shaken again and allowed to sit again and this 
process was repeated several times until the carbomer was fully wet. 
Next, the 1% carbomer premix gel base was mixed with DI water and 
Triethanolamine (TEA) using a low shear rate stirrer. The Depending on the carbomer 
concentration of the vehicle being made, different amounts of each material were added. 
The two carbomer vehicle concentrations produced for this research are listed below in 
Table 4. 
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Table 4. Vehicle carbomer concentration chart 
Vehicle Carbomer 
Concentration (%) 
1% Carbomer 
Premix Gel (mL) 
DI Water 
(mL) 
Tea 
(mL) 
0.111 400 3200 25.6 
0.133 400 2600 25.6 
 
 
3.2.3. Specimen Holder Preparation 
3.2.3.1. Rubber Sample Holders 
The rubber specimen holders used in this experiment were manually made. They 
consist of a rubber backing material that has one side come in contact with the tungsten 
carbide side of the PDC samples and the other side contacts the weight added during 
lapping. The type of rubber was changed during different lapping tests. The other side of 
the specimen holder is glued to the rubber backing with epoxy. It is a thermoset polymer 
that has holes cut into it that are roughly the diameter of the PDCs. Its function is to hold 
the PDCs in place during lapping, and it is thinner than the PDCs so it does not contact 
the lap plate during testing (see Figure 7).  
  
  20 
 
 
 
 (a) (b) 
Figure 7. (a) Image of the rubber sample holder cross section (b) Image 
of the location PDCs are placed on the rubber sample holder 
 
3.2.3.2. Stainless Steel Sample Holder 
The stainless steel sample holder is a solid cylindrical piece of (insert grade) that 
is 6.38mm thick. The surface of the plate was cleaned with acetone before each test to 
remove any debris from previous tests. Using a template, the plate was labeled with a 
permanent marker to designate the location of where the samples needed to be placed 
(see Figure 8a). Double sided tape produced by 3M was then applied to the surface of 
the plate where samples were to be placed (see Figure 8b). The PDC samples were then 
attached to the tape.  
  
Material holding samples in place 
Rubber backing between PDCs and weight 
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 (a) (b) 
Figure 8. Stainless steel sample holder with (a) PDC locations drawn 
on (b) double-sided sticky tape 
 
3.2.4. Lapping Machine Preparation 
The lapping machine used for experimentation was a LAPMASTER 15. The 
machine is equipped with a variable speed control for speeds up to 120 RPM. The lap 
plate used during experimentation was a 15 inch cast iron plate with 12 segments as 
shown in Figure 9. The lapping plate was monitored for flatness throughout 
experimentation using a flatness gage. As necessary the plate was reconditioned using 
either diamond or silicon carbide abrasive slurries. During reconditioning, 3 weighted 
conditioning rings were positioned on locations depending on the concave or convex 
profile of the lap plate. 
Two conditioning ring roller arms were positioned on the lapping machine. One 
was located for a conditioning ring that was used to distribute the slurry (no samples 
were loaded inside), and the other for the conditioning ring that housed the samples. A 
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peristaltic pump was set up to deliver the abrasive slurry to the lap plate. The pump was 
calibrated to deliver the slurry at the desired rate. The hose was positioned and secured 
on a conditioning ring roller arm so that the slurry was delivered towards the inside of 
the lap plate in front of the condition ring as shown in Figure 10. 
 
 
Figure 9. 12 slot segmented cast iron lap plate. 
 
 
(a) (b) 
Figure 10. Positioning of (a) conditioning rings (b) the peristaltic pump 
hose for slurry delivery 
 
Conditioning ring roller arm 
Slurry delivery location 
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3.3. Lapping Procedure 
The steps involved for loading the samples prior to testing include: 
1. Manually applying abrasive slurry to the lap plate until the plate is fully 
wet (Figure 11a). 
2. Loading the condition ring responsible for distributing slurry. Run lap 
plate with slurry being delivered for 30 seconds and set lap plate speed to 
desired speed (Figure 11b). 
3. Loading the sample conditioning ring and samples (with no weight) and 
running lap plate with slurry being delivered for 30 seconds (Figure 11c). 
4. Loading the weight on the sample holder. The weight varies based on the 
desired lapping pressure which is calculated by the surface area and 
number of PDCs (Figure 11d). 
After the weight is applied the lap plate and slurry delivery are turned on and run 
for 30 minutes. During the lapping procedure the machine is monitored to ensure the 
lapping process stays consistent by monitoring the lap plate speed and abrasive delivery. 
Also, the speed of the conditioning ring that houses the samples is monitored and 
recorded periodically using a CHECK-LINE digital tachometer. 
One lapping experiment involves using water as the lapping fluid. For this type 
of abrasive vehicle, diamond particles will not suspend and a different method for 
applying the abrasives is necessary. This process includes sorting the diamond abrasives 
into groups that can manually be applied at given time intervals based on the target 
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abrasive consumption rate, and using the peristaltic pump to deliver water to the lap 
plate at the desired rate. 
 
 
 (a) (b) 
 
 (c) (d) 
Figure 11. (a) Manual application of abrasive slurry (b) evenly 
distributing abrasive slurry (c) loading of condition ring and samples 
(d) loading of weight 
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3.3.1. Collection of Used Abrasive 
The lapping sludge was collected from several tests by: 
1) Prior to testing, the lap plate was removed from the lap machine and 
debris in the drainage well from previous tests was removed. 
2) A container large enough for collecting sludge from a 30 minute lap 
was placed under the drainage channel (Figure 12a).  
3) After completion of lapping, the sludge on top of the lap plate was 
sprayed into the drainage well with DI water. 
4) The lap plate was removed and sludge was transferred into the 
container (Figure 12b). 
 
 
 
(a)  (b) 
Figure 12. (a) Collection of sludge from lap test (b) Drainage well and 
sludge collection 
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3.3.2. Post-lap Procedure 
After testing, the PDC samples were removed from the sample holder. A putty 
knife was forced under the PDC to pry it off the tape for samples on the steel holder. The 
samples were then washed with water and the surfaces were cleaned with acetone. The 
thicknesses of the PDC samples were then measured and recorded as described above 
(Figure 6b). The PDC samples were then visually inspected for any irregularities in 
appearance. 
3.4. Characterization 
3.4.1. Optical Microscope 
PDC samples, collected sludge, and cleaned diamond abrasives were all 
examined using optical microscopy. A Keyence VHX-600 digital microscope was used 
in combination with Keyence VH-Z20 and VH-Z200 lenses to take images at different 
magnifications.  
3.4.2. Scanning Electron Microscope 
The surfaces of lapped PDCs were examined under high magnification using a 
JEOL JSM-6400. The SEM was operated between 5 and 15kV at working distances and 
magnifications between 10 to 11mm and 500 to 10,000X, respectively.  
3.5. Roughness Measurements 
Roughness measurements of the lapped PDC samples were made after various 
lapping tests were performed. The tests were conducted with a Mitutoyo SURFTEST 
301 surface tester.  
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3.6. Calculations and Data Analysis 
The material removal rate at each measurement location was calculated by 
 ܯܴܴ ൌ 2 ൈ ൫ݐ௜ െ ݐ௙൯ (6)
where ti and tf are the initial and final recorded thicknesses, respectively. The difference 
in thickness is multiplied by a factor of two because each lapping test was conducted 
over a 30 minute time interval, and the standard in industry for reporting MRR is in μm 
of thickness removed per hour. For each lapping test using individual PDC MRRs, 
averages and standard deviations were calculated among all samples lapped together and 
samples that were arranged concentrically in the sample holder. The average PDC 
relative velocity, vm, was calculated with Equation 3.  
JMP data analysis software was used to analyze the MRR results. A Tukey-
Kramer analysis was used to make pair-wise comparisons between tests that were 
performed to determine whether or not the MRRs were statistically different from one 
another. Also, quantile and histogram plots were made to look at the MRR distribution 
between samples on the same sample holder.  
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CHAPTER IV 
EVALUATION OF MATERIAL REMOVAL RATE 
This chapter presents the results obtained from the lapping tests that were 
explained in the previous chapter. First, the effects of different lapping parameters on the 
MRR will be given. Next, results on the surface analysis of the PDC and reclaimed 
diamond abrasives will be presented. 
4.1. Effects of Lapping Parameters on MRR 
4.1.1. Pressure and Speed 
The effects of pressure and speed on the MRR of lapped PDCs were evaluated 
through a series of tests conducted at four different pressures and two different lap plate 
speeds. Each test was conducted while holding all other lapping parameters constant 
which are shown in Table 5. The results from tests lapped at 60 RPM and 96 RPM are 
shown in Figure 13 and Figure 14, respectively. Note that the ‘Outer Ring’ refers to the 
12 samples concentrically placed towards the outer perimeter of the sample holder 
whereas the ‘Inner Ring’ corresponds to the 6 samples placed towards the middle of the 
sample holder. It can be seen that at lap plate speeds of 60 RPM, the MRR increases 
with increased pressure. At speeds of 96 RPM, the effects of pressure are not as 
substantial at pressures between 33 and 56 KPa. All error bars listed represent the MRR 
standard deviations. Table 6 and Table 7 show the p-values from a Tukey-Kramer HSD 
test at a 95% confidence level comparing the MRRs from the tests at 60 and 96 RPM, 
respectively. From the results it can be seen that at 60 RPM all the tests at different 
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pressures have significantly different MRRs, and at 96 RPM the test at 13.44 KPa has a 
significantly different MRR then at the other tested pressures. A more detailed 
discussion on the uniformity of lapped samples is discussed later. Additionally, the 
average recorded specimen holder ring speed during each test is reported in Figure 15. It 
is seen that at lower pressures the sample holder speed is increased when the lap plate 
speed is increased whereas at higher pressures the difference is not as substantial. 
 
Table 5. Lapping parameters for results shown in Figure 13 and   
Figure 14 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Vehicle Abrasive Concentration (g/L) 75 
Vehicle Carbomer Concentration (%) 0.133 
Vehicle Delivery Rate (L/min) 30 
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Figure 13. Results from lapping with lap plate at 60 RPM. Test 
parameters are in Table 5.  
 
 
Figure 14. Results from lapping with lap plate at 96 RPM. Test 
parameters are in Table 5 
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Figure 15. Observed sample holder ring speed as a function of pressure 
and lap plate speed 
 
Table 6. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 13. Pressures not connected by a bold p-value 
represent MRRs that are significantly different  
Pressure (KPa) 13.44 29.58 43.36 56.05 
13.44 - < 0.0001 < 0.0001 < 0.0001 
29.58 < 0.0001 - < 0.0001 < 0.0001 
43.36 < 0.0001 < 0.0001 - < 0.0001 
56.05 < 0.0001 < 0.0001 < 0.0001 - 
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Table 7. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 14. Pressures not connected by a bold p-value 
represent MRRs that are significantly different 
Pressure (KPa) 13.44 29.58 43.36 56.05 
13.44 - < 0.0001 < 0.0001 < 0.0001 
29.58 < 0.0001 - 0.0680 0.0550 
43.36 < 0.0001 0.0680 - 0.9997 
56.05 < 0.0001 0.0550 0.9997 - 
 
 
4.1.2. Abrasive Delivery Rate 
Two sets of experiments were performed to determine the effect the abrasive 
delivery rate had on the MRR. The first set of tests involved varying the vehicle abrasive 
concentration while holding the vehicle delivery rate constant. The parameters from 
these tests are shown in Table 8 and the results in Figure 16. It can be seen that the MRR 
increases linearly with an increase in the abrasive delivery rate up to a critical point at 
which no more increases are seen. The second set of tests held the vehicle abrasive 
concentration the same and varied the vehicle delivery rate. The parameters from the 
tests are shown in Table 9 and the results in Figure 17.   
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Table 8. Test parameters for results shown in Figure 16 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Carbomer Concentration (%) 0.133 
Vehicle Delivery Rate (L/min) 30 
 
 
 
Figure 16. MRR results at varying vehicle abrasive concentrations. Test 
parameters are in Table 8. 
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Table 9. Test parameters for results shown in Figure 17 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Abrasive Concentration (g/L) 75 
Vehicle Carbomer Concentration (%) 0.133 
 
 
 
Figure 17. MRR results are varying vehicle delivery rates. Test 
parameters are in Table 9. 
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4.1.3. Vehicle Carbomer Concentration 
A series of six tests were conducted to see the effect vehicle carbomer 
concentration had on MRR. The tests were conducted with two different vehicle 
carbomer concentrations (0.111 and 0.133 %) with three different abrasive 
concentrations (75, 100, and 125 g/L). The parameters held constant during testing are 
listed below in Table 10. The results from these tests are shown in Figure 18. Table 11 
shows the p-values that show how the MRRs from the different tests relate to one 
another. These results show that while using a vehicle carbomer concentration of 
0.111%, the MRR increases at abrasive concentrations of 75 to 100 g/L and decreases 
from 100 to 125 g/L. With vehicle carbomer concentrations of 0.133%, the MRR 
decreases at abrasive concentrations from 75 to 125 g/L. Also, at abrasive concentrations 
of 100 and 125 g/L, the 0.111% carbomer abrasive vehicle produces higher MRRs than 
the 0.133% carbomer vehicle. 
 
Table 10. Lapping parameters for results shown in Figure 18 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Delivery Rate (L/min) 30 
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Figure 18. MRR results comparing vehicle concentrations with 
different abrasive values. Test parameters are in Table 10 
 
Table 11. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 18. Values not connected with bold p-values 
represents MRRs that are significantly different 
Vehicle Carbomer 
Concentration (%), 
Vehicle Abrasive 
Concentration (g/L) 
.111, 75 .111, 100 
.111, 
125 .133, 75
.133, 
100 
.133, 
125 
.111, 75 - 0.0009 >0.9000 >0.9000 0.5852 <0.0001
.111, 100 0.0009 - <0.0001 0.0029 <0.0001 <0.0001
.111, 125 >0.9000 <0.0001 - 0.8155 >0.9000 0.0004 
.133, 75 >0.9000 0.0029 0.8155 - 0.3829 <0.0001
.133, 100 0.5852 <0.0001 >0.9000 0.3829 - 0.0043 
.133, 125 <0.0001 <0.0001 0.0004 <0.0001 0.0043 - 
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4.1.4. Water vs. Carbomer Lapping Fluid 
A test was run using water as the lapping fluid instead of a carbomer based 
vehicle to determine its effect on MRR. The procedure for dispensing the diamonds and 
water to the lap plate are discussed in the Experimental Procedure section. The test 
parameters are shown in Table 12 and the results in Figure 19. The p-values from a 
Tukey-Kramer HSD test are listed in Table 13. These results show that using water as a 
lapping fluid produces significantly lower MRRs. 
 
Table 12. Lapping parameters for results shown in Figure 19 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Abrasive Concentration (g/L) 75 
Vehicle Delivery Rate (L/min) 30 
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Figure 19. MRR results comparing the use of different abrasive 
vehicles. Refer to Table 12 for test parameters. 
 
Table 13. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 19. Sample holder values not connected with bold 
p-values represents MRR values that are significantly different. 
Lapping Fluid Water 0.111% Carbomer 0.133% Carbomer
Water - <0.0001 <0.001 
0.111% Carbomer <0.0001 - 0.9591 
0.133% Carbomer <0.0001 0.9591 - 
 
 
4.1.5. Abrasive Grit Size Distribution 
The diamond grit size distribution of purchased 140/170 mesh mono-crystalline 
diamond abrasives is shown in Figure 20. This distribution was obtained by sorting 1 kg 
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of abrasives with sieves. Two lapping tests were conducted using abrasives with more 
narrow grit size distributions than the 140/170 mesh diamonds. The results are shown in 
Figure 21 and the lapping parameters are shown in Table 14. Table 15 shows the p-
values from a Tukey-Kramer HSD test. From the results it is shown that the 140/170 
mesh abrasive grain size produces higher MRRs than both of the more narrow abrasive 
grain size distributions. 
 
 
 
Figure 20. Size distribution of diamond grits from purchased 140/170 
mesh polycrystalline diamond abrasives 
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Table 14. Lapping parameters for results shown in Figure 21 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Abrasive Concentration (g/L) 75 
Vehicle Carbomer Concentration (%) 0.133 
Vehicle Delivery Rate (L/min) 30 
 
 
 
Figure 21. MRR results from lapping with specific diamond grit sizes. 
Refer to Table 14 for test parameters. 
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Table 15. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 21. Values not connected with bold p-values 
represent MRRs that are significantly different. 
Diamond 
Distribution 140/170 mesh 90-106 microns 106-125 microns 
140/170 mesh - 0.0008 <0.0001 
90-106 microns 0.0008 - 0.0179 
106-125 microns <0.0001 0.0179 - 
 
 
4.1.6. Vehicle Abrasive Concentration and Pressure 
Results comparing the MRR to various diamond concentrations at different 
pressures are shown in Figure 22. The lapping test parameters are in Table 16. Table 17 
shows the p-values comparing the MRRs at the different test conditions. It is shown that 
the MRRs are not significantly different at the tested pressured when the vehicle 
diamond concentration is the same.  
 
Table 16. Lapping parameters for results shown in Figure 22 
Number of PDC Samples 18 
Specimen Holder Material Stainless Steel 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Vehicle Carbomer Concentration (%) 0.133 
Vehicle Delivery Rate (L/min) 30 
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Figure 22. MRR results at various pressures and vehicle diamond 
concentrations. Refer to Table 16 for test parameters 
 
Table 17. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 22. Values not connected with bold p-values 
represents MRRs that are significantly different 
Pressure (KPa), 
Abrasive 
Concentration 
(g/L) 
33.6, 75 43.4, 75 56.0, 75 
43.4, 
100 
56.0, 
100 
43.4, 
125 
56.0, 
125 
33.6, 75 - 0.5825 0.5409 <0.0001 0.2465 <0.0001 <0.0001 
43.4, 75 0.5825 - >0.9000 0.0006 >0.9000 0.0197 0.0015 
56.0, 75 0.5409 >0.9000 - 0.0007 >0.9000 0.0238 0.0019 
43.4, 100 <0.0001 0.0006 0.0007 - 0.0044 >0.9000 >0.9000 
56.0, 100 0.2465 >0.9000 >0.9000 0.0044 - 0.0923 0.0103 
43.4, 125 <0.0001 0.0197 0.0238 >0.9000 0.0923 - >0.9000 
56.0, 125 <0.0001 0.0015 0.0019 >0.0009 0.0103 >0.9000 - 
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4.1.6.1. Lap Plate Type 
Pictures of the three different lap plate types tested are shown in Figure 23. 
Results comparing the MRR using different lap plate types are shown in Figure 24. The 
test parameters are in Table 18, and p-values comparing the MRRs at the different test 
conditions are in Table 19. The results show that there is no significant different between 
MRR and lap plate type. 
 
   
 (a) (b) (c) 
Figure 23. Lap plate types used. Cast iron: (a) solid (b) 3-slot (c) 12-
slot 
 
Table 18. Lapping parameters for results shown in Figure 24 
Number of PDC Samples 18 
Specimen Holder Material Nitrile Rubber (57A) 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Abrasive Concentration (%) 75 
Vehicle Delivery Rate (L/min) 30 
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Figure 24. MRR results from different lap plate types. Refer to Table 
18 for test parameters.  
 
Table 19. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 24. Values not connected with bold p-values 
represents MRRs that are significantly different. 
Vehicle 
Carbomer 
Concentration 
(%), Lap Plate 
Type 
0.111, 
solid 
0.111, 
3-slot 
0.111, 
12-slot 
0.133, 
solid 
0.133, 
3-slot 
0.133, 
12-slot 
0.111, solid - 0.8962 >0.9000 >0.9000 >0.9000 >0.9000 
0.111, 3-slot 0.8962 - 0.5891 >0.9000 >0.9000 >0.9000 
0.111, 12-slot >0.9000 0.5891 - 0.7073 >0.9000 >0.9000 
0.133, solid >0.9000 >0.9000 0.7073 - >0.9000 >0.9000 
0.133, 3-slot >0.9000 >0.9000 >0.9000 >0.9000 - >0.9000 
0.133, 12-slot >0.9000 >0.9000 >0.9000 >0.9000 >0.9000 - 
 
0
50
100
150
200
250
300
350
Solid 3-Slot 12-Slot
M
RR
 (µ
m
/h
r)
Lap Plate
0.111%
0.133%
  45 
 
 
4.1.6.2. Sample Holder Material 
Several tests were conducted that compare the effects of using either a nitrile 
rubber or stainless steel sample holder. Figure 25 shows the MRR results of the two 
different sample holders at three different vehicle abrasive concentrations (75, 100, and 
125 g/L), and the test parameters are shown in Table 20. It can be seen that at all vehicle 
abrasive concentrations the stainless steel sample holder produces a higher MRR. Table 
21 shows the p-values that represent how the MRRs from the changing conditions relate 
to one another. It can be seen that the steel sample holder produces higher MRRs than 
the nitrile rubber sample holder at all diamond concentration values tested. Additionally, 
the steel sample holder produces higher MRRs when the vehicle abrasive concentration 
is either 100 or 125 g/L.  
Additionally, several tests were conducted using nitrile rubber sample holders 
with different hardness values. Results from these tests compared to the use of a stainless 
steel sample holder are shown in Figure 26 and the parameters are in Table 22. The p-
values that relate the tests MRRs to one another are shown in Table 23. These results 
show that the average MRR between the nitrile rubber sample holders does not vary 
significantly. The stainless steel sample holder however outperforms several more than 
half of the tested nitrile rubber sample holders. One possible reason for this is that the 
rubber holder allows the PDC more movement vertically, resulting in a less aggressive 
process. 
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Table 20. Lapping parameters for results shown in Figure 25 
Number of PDC Samples 18 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Carbomer Concentration (%) 0.133 
Vehicle Delivery Rate (L/min) 30 
 
 
 
Figure 25. MRR results comparing a stainless steel and nitrile rubber 
specimen holder. Refer to Table 20 for test parameters 
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Table 21. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 25. Values not connected with bold p-values 
represent MRRs that are significantly different. 
Sample Holder 
Material, 
Vehicle Abrasive 
Concentration 
(g/L) 
Steel, 
75 
Steel, 
100 
Steel, 
125 
Nitrile 
Rubber, 
75 
Nitrile 
Rubber, 
100 
Nitrile 
Rubber, 
125 
Steel, 75 - <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 
Steel, 100 <0.0001 - 0.2632 <0.0001 <0.0001 <0.0001 
Steel, 125 <0.0001 0.2632 - <0.0001 <0.0001 <0.0001 
Nitrile Rubber, 
75 
<0.0001 <0.0001 <0.0001 - 0.0132 <0.0001 
Nitrile Rubber, 
100 
<0.0001 <0.0001 <0.0001 0.0132 - <0.0001 
Nitrile 
Rubber.125 
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 - 
 
 
Table 22. Lapping parameters for results shown in Figure 26. 
Number of PDC Samples 18 
PDC Layout Pattern 2-Ring 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Abrasive Concentration (g/L) 75 
Vehicle Carbomer Concentration (%) 0.133 
Vehicle Delivery Rate (L/min) 30 
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Table 23. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 26. Sample holder values not connected with bold 
p-values represents MRR values that are significantly different. 
Sample 
Holder 
10A 20A 30A 40A 50A 60A 70A 80A SS 
10A - 0.1286 >.9000 0.8773 >.9000 0.5486 >.9000 0.2780 0.4124
20A 0.1286 - 0.2769 >.9000 0.8835 >.9000 0.4729 >.9000 <.0001
30A >.9000 0.2769 - >.9000 >.9000 0.7818 >.9000 0.4989 0.2148
40A 0.8773 >.9000 >.9000 - >.9000 >.9000 >.9000 >.9000 0.0107
50A >.9000 0.8835 >.9000 >.9000 - >.9000 >.9000 >.9000 0.0147
60A 0.5486 >.9000 0.7818 >.9000 >.9000 - >.9000 >.9000 0.0015
70A >.9000 0.4729 >.9000 >.9000 >.9000 >.9000 - 0.7163 0.1029
80A 0.278 >.9000 0.4989 >.9000 >.9000 >.9000 0.7163 - 0.0003
SS 0.4124 <.0001 0.2148 0.0107 0.0147 0.0015 0.1029 0.0003 - 
 
 
 
 
 
   
 
 
0
50
100
150
200
250
300
350
400
10A 20A 30A 40A 50A 60A 70A 80A Stainless 
Steel
M
R
R
 
(
μ
m
/
h
r
)
Specimen Holder
All Samples Outer Ring Inner Ring
Figure 26. MRR based on nitrile rubber specimen holder hardness values (Shore A scale) and stainless steel holder  
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4.1.6.3. PDC Density and Layout 
Five different PDC sample holder designs were tested to determine how well 
they would perform. The layouts are shown in Figure 27.  The sample holder shown in 
Figure 27d has 28 samples on the outer ring and 14 on the inner ring. The constant test 
parameters are listed in Table 24. The vehicle flow rate was changed between sample 
holder designs to a flow rate of 1.667 mL/min per PDC sample on the holder. This flow 
rate results in the standard flow rate of 30 mL/min per 18 samples which was commonly 
used in previous tests. Note that the weight applied to the samples was also increased 
with increases in PDCs to achieve the same pressure. The results from the different tests 
are shown in Figure 28. Overall, the 28 sample layout has the highest average MRR. 
Table 25 shows the p-values from a Tukey-Kramer HSD test that compares the MRRs 
between the sample holder layouts. From the results it can be seen that the only sample 
holders that have significantly different MRRs from one another are 18 sample, 1-ring 
layout and the 28 sample, 1 ring layout.  
Additionally, two more tests were performed using the 28 sample, 1-ring layout 
pattern. The results from these tests and the test conditions are shown in Figure 29 and 
Table 26, respectively. P-values from a Tukey-Kramer HSD test are listed in Table 27, 
and the results show that while using the same abrasive consumption rate with a 
different amount of lapping fluid, there is no significant difference in the MRR. 
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 (a) (b) 
 
 (c) (d) 
Figure 27. Pictures of specimen holders and layouts. Stainless Steel – 
(a) 18 samples / 2-ring, (b) 18 samples / 1-ring, (c) 28 samples / 1-ring, 
(d) 42 samples / 2-ring 
 
Table 24. Test parameters for results listed in Figure 28 
Specimen Holder Material Stainless Steel 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
Vehicle Abrasive Concentration (g/L) 75 
Vehicle Carbomer Concentration (%) 0.133 
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Figure 28. MRR results from specimen holder layout tests. Refer to 
Figure 27 for layout patter designs and Table 24 for test parameters 
 
Table 25. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 28. Sample holders not connected by a bold p-value 
represent MRRs that are significantly different 
Sample Holder  (b) 18: 1 Ring (a) 18: 2-ring (c) 8: 1-ring (d) 42: 2-ring 
(b) 18: 1 Ring - 0.1219 0.0213 0.1787 
(a) 18: 2-ring 0.1219 - 0.9651 0.9334 
(c) 8: 1-ring 0.0213 0.9651 - 0.5834 
(d) 42: 2-ring 0.1787 0.9334 0.5834 - 
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Table 26. Test parameters from results in Figure 29 
Number of PDC Samples 28 
PDC Layout Pattern 1-ring 
Specimen Holder Material Stainless Steel 
Abrasives 14/170 mesh mono-crystalline diamonds 
Lap Plate Speed (RPM) 96 
Pressure (KPa) 43.36 
 
 
 
Figure 29. MRR results from the 28 sample, 2-ring PDC layout design. 
Refer to Table 26 for test parameters 
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Table 27. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 29. Values not connected by a bold p-value 
represent MRRs that are significantly different 
Vehicle Flow Rate (mL/min), Vehicle 
Diamond Concentration (g/L) 30, 75 30, 116.67 46.67, 75 
30, 75 - <0.0001 <0.0001 
30, 116.67 <0.0001 - 0.0146 
46.67, 75 <0.0001 0.0146 - 
 
 
4.2. Surface Analysis 
The surface roughness of the PDCs was measured after several lapping tests at 
various pressures and lap plate speeds, and the results are shown in Figure 30. Note that 
all other variables were held constant as shown in Table 5. A Tukey-Kramer HSD test 
was performed on the results to compare the different tests and the results are in Table 
28. It is shown that as the pressure and velocity increase, the average surface roughness, 
Ra, decreases. Roughness measurements were also collected from the PDCs that were 
lapped in the 42 sample, 2-ring design. The results are listed in Table 29. A Student’s t-
test was used to compare the roughness values, and it was found at a 95% confidence 
level that the average roughness of the inner and outer samples were different based on a 
p-value of less than 0.0001. 
Scanning Electron Microscope images were taken of the surface of PDCs after 
lapping and are shown in Figure 31. Figure 31a and b show two locations where the 
surface has clearly been affected by brittle material fracture with no presence of ductile 
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material removal. Figure 31c and d are lower magnifications of the surface that illistrate 
the PDC surface topography. 
Figure 32 and Figure 33 show digital microscope pictures of pits in the PDC 
surface after lapping at a pressure of 56 KPa. 
 
 
 
Figure 30. Surface roughness results as a function of pressure and lap 
plat speed 
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Table 28. Tukey-Kramer HSD test p-values at 95% confidence level for 
results from Figure 30. Pressure-velocity values not connected with 
bold p-values represent roughness values that are significantly different 
Pressure * Velocity (KPa*m/s) 117 187.2 292.8 377.4 487.8 
117 - 0.9241 0.2463 0.0015 <.0001 
187.2 0.9241 - 0.7170 0.0170 <.0001 
292.8 0.2463 0.7170 - 0.2867 <.0001 
377.4 0.0015 0.0170 0.2867 - 0.0018 
487.8 <.0001 <.0001 <.0001 0.0018 - 
 
 
Table 29. Average roughness measurements and standard deviations 
from lapping 42 samples in a two-ring layout pattern 
Ra (μm) Inner Ring Outer Ring 
0.566 ± 0.099 0.695 ± 0.111 
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 (a) (b) 
 
 (c) (d) 
Figure 31. SEM images of the PDC surface post lapping at (a &b) 
6000X (c) 1000X (d) 500X 
2 μm 2.5 μm 
25 μm 25 μm 
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Figure 32. Image of the pits on the surface of a PDC after lapping at 56 
KPa (50X) 
 
 
Figure 33. Image of the pits on the surface of a PDC after lapping at 56 
KPa (200X) 
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4.3. Reclaimed Diamond Analysis 
The collected sludge after lapping at several different pressures was collected and 
sorted into groups according to size. Figure 34 shows the results, and it can be seen that 
there are a greater number of diamond with larger grit sizes when lapped at lower 
pressures. Digital microscope images of purchased mono-crystalline diamond abrasives 
are shown in Figure 35, and Figure 36 shows SEM images of reclaimed diamond 
abrasives. Comparing the images shows that the “bulky” shape of the abrasives is 
retained after being crushed during lapping.  
 
 
Figure 34. Analysis of reclaimed diamond grit size after lapping at 
different pressures 
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(a) 
 
(b) 
Figure 35. Purchased mono-crystalline diamond abrasives of grit size 
ranges: (a) 90-106 μm (b) 46-53 μm 
100 μm 
200 μm 
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(a) 
 
(b) 
Figure 36. (a-b) SEM images of reclaimed diamond after lapping 
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CHAPTER V 
MECHANISMS OF MATERIAL REMOVAL AND PROCESS OPTIMIZATION 
This chapter discusses the mechanisms of material removal and process 
optimization from the results in Chapter IV. The different lapping parameters that were 
tested will be discussed in relation to how they affect the lapping of PDCs. Additionally, 
the MRR uniformity will be discussed. 
5.1. Pressure, Velocity, and Abrasive Consumption Rate 
From the results shown in Figure 13 and Figure 14, the MRRs can be plotted 
against the applied pressure and average velocity of the PDC samples. The average 
velocity of the samples located on the inner and outer ring of the sample holder is 
calculated with Equation 3. Figure 37 shows the results from the tests which used a 
stainless steel sample holder and results from data previously obtained using a nitrile 
rubber sample holder. From the graph it is seen that the MRR increases linearly with 
increases in pressure or speed as Preston’s equation, Equation 1, predicts. The MRR 
however does not increase after reaching a critical pressure and velocity which agrees 
with previous research on the modeling of Preston’s equation [19, 26, 27, 29, 37-39]. 
Also shown in Figure 37 is that by using a stainless steel instead of a nitrile rubber 
sample holder, higher MRRs can be achieved. This finding agrees with the results shown 
in Figure 25. The results also show that MRRs in excess of 280 μm/hr can be achieved 
which is a substantial improvement from what is seen in industry. 
Another finding can be seen when looking at the results presented in Figure 13 
and Figure 14. Table 30 shows p-values from a Student’s t-test that compares the MRR 
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of the inner and outer samples on the sample holder at different pressures and speeds. 
The smallest p-values, which represent the tests that had the largest difference in MRR 
between the inner and outer samples, occurs at a pressure of 56.05 KPa. This result 
along with the observation that pits form in samples lapped at this highest tested 
pressure, as shown in Figure 32, lead to the conclusion that the lapping pressure should 
not be increased above around 45 KPa. This is not an issue when modeling the test 
procedures in this research and lapping at 96 RPM because the maximum MRR is 
achieved at a lower pressure. However, it would need to be taken into account when 
lapping at slower speeds and trying to achieve higher MRRs by increasing the applied 
pressure. 
 
Table 30. P-values from Student’s t-test at a 95% confidence interval 
comparing the average MRRs between the inner ring and outer ring 
samples. Note that p-values in bold represent samples that have a 
significantly different MRR. 
Pressure 
(KPa) 
p-value 
60 RPM 96 RPM 
13.44 0.6826 0.0078 
33.64 0.2538 0.9433 
43.36 0.7790 0.2882 
56.05 0.0042 <0.0001 
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Figure 37. PDC MRR based on applied pressure and average sample 
velocity 
 
Based on the results in Figure 16 and Figure 17 which varied the vehicle abrasive 
concentration and vehicle feed rate, respectively, the MRR can be plotted against the 
abrasive consumption rate as shown in Figure 38. Note that this consumption rate is 
based on sample holder with 18 PDC samples. A Student’s t-test comparison at a 95% 
confidence interval was performed, and at a diamond consumption rate of 0.75 g/min 
there is a difference between the MRR based on the amount of supplied lapping fluid (p-
value < 0.0003). At higher diamond consumption rates there is no difference between the 
amount of supplied lapping fluid and the MRR (p-values > 0.0001). This finding agrees 
with the results presented in Figure 29 for the sample holder with 28 samples in a 1-ring 
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design pattern. It is also shown that a maximum MRR in excess of 300 μm/hr can be 
achieved when lapping with an abrasive consumption rate of around 3 g/min.  
 
 
 
Figure 38. MRR based on abrasive consumption rate 
 
The average surface roughness measurements that were presented in Figure 30 
are all below 1 μm which meet the typical surface finish requirement. However, these 
surface finishes would be improved even more during the finishing stage of the lapping 
process when smaller grit size abrasives are used. The decrease in surface roughness as 
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There are therefore a greater number of active smaller grit abrasives, and this results in 
better surface finishes because of the smaller abrasive size as shown from previous work 
[35, 45-47]. 
5.2. Lapping Vehicle 
The use of a carbomer based lapping vehicle was decided on based the standard 
used in industry. This type of suspension vehicle works well for the lapping process 
because of its shear-thinning property which can be seen in Figure 39. The viscosity of 
the fluid aids in suspending the abrasives moving the abrasives along the lap plate. The 
shear stress exhibited on the fluid as it moves between the lap plate and conditioning 
ring or workpiece reduces the viscosity of the fluid which allows it to run off the lap 
plate. Previous research conducted with non-shear-thinning suspension vehicles has 
resulted in problems due to the buildup of lapping fluid on the lap plate. The results 
shown in Figure 18 compare MRRs from tests from carbomer based vehicles with 
different viscosities. At vehicle abrasive concentrations of 100 and 125 g/L, the 0.111% 
carbomer vehicle, or lower viscosity vehicle, produces higher MRRs which does not 
agree with previous reports on the effect viscosity has on MRR [41]. However, Figure 
19 which compares the use of water as a lapping vehicle to the carbomer vehicle, shows 
that using water for an abrasive vehicle will significantly reduce the process MRR.  
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Figure 39. Shear stress vs. shear rate of carbomer based lapping vehicle 
 
5.3. Abrasive Distribution and Lap Plate Type 
Results that were reported in Figure 21 show that the larger abrasive grit size 
distribution (106-125 μm), had a significantly lower MRR than the 90 to 106 μm 
abrasive grit size. This is interesting because based on previous work, it would be 
expected that larger abrasives would result in higher MRRs [36, 43]. However, this is 
not an issue specific to this process because the standard size abrasives, 140/170 mesh, 
for this process had a higher MRR than the more narrow grit size distributions.  
Another parameter that was shown to have no effect on the MRR was the lap 
plate type (Figure 24). The slotted style lap plates were studied because of research that 
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showed the MRR would increase if the lapping process design supported the removal of 
used abrasives and vehicle [39].  
5.4. Sample Holder Material 
The use of a nitrile rubber sample holder was chosen based on a recommendation 
from a company that manufactures lapping machines and products. The stainless steel 
sample holder was chosen because most companies that lap PDCs have a carrier that is 
made from stainless steel.  
The results in Figure 25 show that higher MRR can be achieved when using a 
stainless steel sample holder. Additionally, the MRR variation between samples lapped 
with stainless steel sample holders is less than when lapped with nitrile rubber sample 
holders. It is believed that the greater variation can be attributed to the hardness of the 
material. Figure 40 shows quantile and density plots of PDCs that were lapped on nitrile 
rubber and stainless steel sample holders. It can be seen that the MRR is more normal 
among the samples lapped on the stainless steel sample holder. 
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 (a) (b) 
Figure 40. Quantile and density plots from tests run with sample 
holders made from (a) 10A nitrile rubber (b) stainless steel 
 
5.5. PDC Layout Design 
The 18 sample, 2-ring PDC layout pattern that was used for the majority of this 
research was based on designs that are seen in industry. That is, the PDCs are placed in 
concentric circles on the sample holder and are separated from one another. The 28 
sample, 1-ring and 42 sample, 2-ring designs were used to see if the process productivity 
could be increased by increasing the PDC density on the sample holder. 
It is important to note that the same diamond consumption rate per PDC sample 
is being used in the results presented in Figure 28. That is, all test are using 7.5 g/hr per 
PDC being lapped. In comparing the sample holders that only have 18 samples, there is 
not a significant difference between the MRRs. Productivity can obviously be increased 
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by increasing the number of samples on the sample holder in using the 28 sample, 1-ring 
design, because it also has the same MRR.   
In comparing the 28 sample design the 42 sample design, both have the same 
average MRRs among samples. However, the problem with the 42 sample design is that 
when comparing the MRR of the samples on the inner and outer ring, there is a 
significant difference between the MRR (p-value < 0.0001). It is believed that this is due 
to the abrasives being crushed to smaller sizes before reaching the inner samples. This is 
not a problem in the 18 sample, 2-ring design, because there is space between the 
samples which allows the diamonds to pass. One possible solution to working around 
this problem would be to distribute abrasive vehicle to the center of the sample holder 
during lapping. The inner samples on the 42 ring design also have a better surface finish 
as shown in Table 29, which supports the conclusion that smaller abrasive particles are 
engaged with the inside samples. 
5.6. Material Removal Rate Uniformity 
As discussed previously, it was found that using a stainless steel sample holder 
produced more uniform MRRs among samples lapped on the same sample holder. 
Throughout this research the MRR deviation between samples lapped on the same 
sample holder using the stainless steel holder was constantly below 25 μm. Due to the 
limited number of samples available for this research, a more in depth statistical analysis 
on whether there are correlations between other process parameters and to what extent 
they affect the uniformity was not possible. It is likely that the original variation between 
the samples thicknesses plays a role in uniformity. It is also conceivable that the 
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uniformity cannot be improved from what was obtained with the lapping conditions that 
were used for this research. If the finishing stage of the lapping process were to be 
examined, the results from this study could be used to determine how abrasive size 
affects MRR uniformity. Based on research that has been conducted[47], it is likely that 
an increase in MRR uniformity would be seen due to the smaller abrasive size. 
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CHAPTER VI 
CONCLUSIONS AND FUTURE WORK 
6.1. Conclusions 
This investigation studied the lapping process of PDCs and how the lapping 
parameters chosen affect the MRR during the roughing stage of the process. The 
pressure, velocity, abrasives, vehicle, sample holder, lap plate, and sample layout were 
all investigated. Findings from this experiment can be used to improve the current 
process seen in industry and the summarized conclusions are: 
1. MRRs in excess of 300 μm/hr can be achieved. In this research this was 
accomplished at a lap plate speed of 96 RPM on a 15” lap plate at a pressure of 
43.46 KPa. The diamond abrasive consumption rate was 10 g/hr per PDC 
sample, and a carbomer based suspension vehicle was used. 
2. The lapping productivity can be optimized from current PDC layout patterns that 
use a series of concentric circles with PDCs placed separated from one another. It 
was shown that PDCs placed in one concentric circle touching one another will 
achieve the same MRRs.  
3. Stainless steel sample holders will achieve higher MRRs than sample holders 
made from rubber materials. There is no difference in the MRR when using solid 
lap plates in comparison to lap plates with slotted partitions.  
4. The MRR uniformity of lapped PDC samples is increased when lapping with 
stainless steel instead of nitrile rubber sample holders. MRR deviations of less 
than 25 μm were consistently obtained. 
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5. The MRR when lapping PDCs can be accurately modeled by the Preston 
equation below a critical pressure and velocity level.  
The importance of this research is in developing a greater understanding of how 
different parameters affect the lapping process specifically to the manufacturing of 
PDCs. The lapping process for PDCs can now be improved by adjusting the controllable 
process variables. It has been shown that MRRs of more than two times what is currently 
seen in industry can be achieved. 
6.2. Future Work 
The roughing stage during the lapping process for manufacturing PDCs has been 
studied. The effects of several controllable parameters on the MRR have been shown. 
There are several areas of research that can still be studied to improve the understanding 
and process that include: 
1. The results presented can be verified through a series of more tests. The 
test results can also be used to determine if there are correlations between 
the variable lapping parameters and the MRR uniformity of samples 
lapped together.   
2. The processes can be transitioned to and studied on larger lapping 
machines. 
3. The finishing stage of the manufacturing process can be studied. 
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APPENDIX A 
The following figures are quantile, box-whisker, and density plots from test 
procedures that were run. 
 
 
 (a)  (b) 
 
 (c)  (d) 
Figure 41. Quantile, box-wisker, and density plot of MRR results from 
sample holder made out of nitrile rubber with a hardness of (a) 10A (b) 
20A (c) 30A (d) 40A 
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 (a)  (b) 
 
 (c)  (d) 
Figure 42. Quantile, box-wisker, and density plot of MRR results from 
sample holder made out of nitrile rubber with a hardness of (a) 50A (b) 
60A (c) 70A (d) 80A  
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APPENDIX B 
The following tables give p-values based on Student’s t-tests at 95% confidence 
intervals. The tables are labeled with references to the corresponding data set that they 
are from. 
 
Table 31. P-values from a student’s t-test from results shown in    
Figure 18 
Test 1 Test 2 p-Value Test 1 Test 2 p-Value Test 1 Test 2 p-Value 
.111%, 
100g/L 
.133%, 
125g/L <.0001 
.111%, 
125g/L 
.133%, 
125g/L <.0001 
.111%, 
75g/L 
.133%, 
100g/L 0.1076 
.111%, 
100g/L 
.133%, 
100g/L <.0001 
.111%, 
100g/L 
.111%, 
75g/L <.0001 
.133%, 
75g/L 
.111%, 
125g/L 0.2174 
.133%, 
75g/L 
.133%, 
125g/L <.0001 
.111%, 
100g/L 
.133%, 
75g/L 0.0002 
.111%, 
75g/L 
.111%, 
125g/L 0.3586 
.111%, 
75g/L 
.133%, 
125g/L <.0001 
.133%, 
100g/L 
.133%, 
125g/L 0.0003 
.111%, 
125g/L 
.133%, 
100g/L 0.4848 
.111%, 
100g/L 
.111%, 
125g/L <.0001 
.133%, 
75g/L 
.133%, 
100g/L 0.0549 
.133%, 
75g/L 
.111%, 
75g/L 0.7504 
 
 
Table 32. P-values from a student’s t-test from results shown in    
Figure 19 
Test 1 Test 2 p-Value 
0.133% 
Carbomer Water <.0001 
0.111% 
Carbomer Water <.0001 
0.133% 
Carbomer 
0.111% 
Carbomer 0.7841 
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Table 33. P-values from a student’s t-test from results shown in    
Figure 21 
Test 1 Test 2 p-Value 
140/170 
mesh 
106-125 
microns <.0001 
140/170 
mesh 
90-106 
microns 0.0003 
90-106 
microns 
106-125 
microns 0.0066 
 
 
Table 34. P-values from a student’s t-test from results shown in    
Figure 22 
Test 1 Test 2 p-Value Test 1 Test 2 p-Value Test 1 Test 2 p-Value 
43.4 
KPa, 
100 g/L 
33.6 
KPa, 
75 g/L 
<.0001 
43.4 
KPa, 100 
g/L 
56.0 KPa, 
100 g/L 0.0002 
43.4 KPa, 
75 g/L 
33.6 
KPa, 75 
g/L 
0.0823 
56.0 
KPa, 
125 g/L 
33.6 
KPa, 
75 g/L 
<.0001 
56.0 
KPa, 125 
g/L 
56.0 KPa, 
100 g/L 0.0006 
43.4 KPa, 
100 g/L 
43.4 
KPa, 125 
g/L 
0.3072 
43.4 
KPa, 
125 g/L 
33.6 
KPa, 
75 g/L 
<.0001 
43.4 
KPa, 125 
g/L 
43.4 KPa, 
75 g/L 0.0012 
56.0 KPa, 
125 g/L 
43.4 
KPa, 125 
g/L 
0.4437 
43.4 
KPa, 
100 g/L 
43.4 
KPa, 
75 g/L 
<.0001 
43.4 
KPa, 125 
g/L 
56.0 KPa, 
75 g/L 0.0014 
56.0 KPa, 
100 g/L 
43.4 
KPa, 75 
g/L 
0.576 
43.4 
KPa, 
100 g/L 
56.0 
KPa, 
75 g/L 
<.0001 
43.4 
KPa, 125 
g/L 
56.0 KPa, 
100 g/L 0.0067 
56.0 KPa, 
100 g/L 
56.0 
KPa, 75 
g/L 
0.6191 
56.0 
KPa, 
125 g/L 
43.4 
KPa, 
75 g/L 
<.0001 
56.0 
KPa, 100 
g/L 
33.6 KPa, 
75 g/L 0.0224 
43.4 KPa, 
100 g/L 
56.0 
KPa, 125 
g/L 
0.7976 
56.0 
KPa, 
125 g/L 
56.0 
KPa, 
75 g/L 
<.0001 
56.0 
KPa, 75 
g/L 
33.6 KPa, 
75 g/L 0.0721 
56.0 KPa, 
75 g/L 
43.4 
KPa, 75 
g/L 
0.9504 
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Table 35. P-values from a student’s t-test from results shown in    
Figure 24 
Test 1 Test 2 p-Value Test 1 Test 2 
p-
Value Test 1 Test 2 p-Value 
0.111%, 
3-slot 
0.111
%, 12-
slot 
0.1089 0.133%, solid 
0.111%, 
Solid 0.384 
0.133%, 
12-slot 
0.111%, 
Solid 0.6337 
0.133%, 
solid 
0.111
%, 12-
slot 
0.1551 0.111%, 3-slot 
0.133%, 
3-slot 0.4679 
0.133%, 
solid 
0.133%, 
12-slot 0.6927 
0.111%, 
3-slot 
0.111
%, 
Solid 
0.292 0.111%, 3-slot 
0.133%, 
12-slot 0.5623 
0.133%, 
3-slot 
0.111%, 
Solid 0.7415 
0.133%, 
12-slot 
0.111
%, 12-
slot 
0.3027 0.111%, Solid 
0.111%, 
12-slot 0.578 
0.111%, 
3-slot 
0.133%, 
solid 0.8536 
0.133%, 
3-slot 
0.111
%, 12-
slot 
0.3762 0.133%, solid 
0.133%, 
3-slot 0.588 
0.133%, 
12-slot 
0.133%, 
3-slot 0.8833 
 
 
Table 36. P-values from a student’s t-test from results shown in    
Figure 25 
Test A Test B p-Value Test A Test B p-Value Test A Test B p-Value 
Steel, 100 
g/L 
Nitrile 
Rubber, 
125 g/L 
<.0001 Steel, 100 g/L 
Nitrile 
Rubber, 
75 g/L 
<.0001 Steel, 100 g/L 
Steel, 75 
g/L <.0001 
Steel, 125 
g/L 
Nitrile 
Rubber, 
125 g/L 
<.0001 Steel, 125 g/L 
Nitrile 
Rubber, 
75 g/L 
<.0001 Steel, 125 g/L 
Steel, 75 
g/L <.0001 
Steel, 100 
g/L 
Nitrile 
Rubber, 
100 g/L 
<.0001 Steel, 75 g/L 
Nitrile 
Rubber, 
100 g/L 
<.0001 
Nitrile 
Rubber, 
100 g/L 
Nitrile 
Rubber, 
125 g/L 
<.0001 
Steel, 125 
g/L 
Nitrile 
Rubber, 
100 g/L 
<.0001 Steel, 75 g/L 
Nitrile 
Rubber, 
75 g/L 
<.0001 
Nitrile 
Rubber, 
75 g/L 
Nitrile 
Rubber, 
100 g/L 
0.0011 
Steel, 75 
g/L 
Nitrile 
Rubber, 
125 g/L 
<.0001 
Nitrile 
Rubber, 
75 g/L 
Nitrile 
Rubber, 
125 g/L 
<.0001 Steel, 100 g/L 
Steel, 125 
g/L 0.0327 
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Table 37. P-values from a student’s t-test from results shown in    
Figure 29 
Test 1 Test 2 p-Value 
30 mL/min, 
116.67 g/L 
30 mL/min, 
75 g/L <.0001 
46.67 
mL/min, 75 
g/L 
30 mL/min, 
75 g/L <.0001 
30 mL/min, 
116.67 g/L 
46.67 
mL/min, 75 
g/L 
0.0053 
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